VOL.44 NO. 7 THE JOURNAL OF ANTIBIOTICS 703 solution of the sample in Methyl Cellosolve -water (4 : 1), while that in non-aqueous mediumwas carried out in glacial acetic acid with 0.1 n HC1O4.
The elemental analysis was carried out by combustion method, using a C. Erba elemental analyzer model1106.
The positive ion FAB-MS spectra were obtained on a Kratos MS-50double focusing mass spectrometer of 3,000 dalton mass range, using 8 kV accelerating voltage, a saddle field atom (with Xe gas) at 6kV voltage and 1 mAcurrent. To obtain high quality data, the instrument was operated under computer control and the MSSdata system was used. Using a mixture of Csl and Nal as calibration compound2) the accuracy of mass determination was increased to about 0.1 dalton in scanning mode. The samples were dissolved in a 1 : 1 mixture of DMSO-nitro benzyl alcohol. The *H and 13C NMRexperiments were performed, using a solution of lO mg of lyophilized GE2270 A in 0.5ml of DMSO-d6,on a Bruker AM-500 spectrometer equipped with an Aspect 3000 computer, in the temperature range 297~3 1 8°K. For the homonuclear experiments double quantum filter (DQF)-COSY3) and NOESY4) the sweep width in tx was 5,500Hz and 512 increments with 32 or 48 transitions were collected per experiment. The 90°(H) pulse was 1 1.5 /^seconds. For the^-detected XH-13C correlations standard pulse sequences were used. The sweep width in t2 was 5,500Hz and in tx 1 1,300 Hz. 512 increments with 80 transitions each were collected for the^-detected heteronuclear relay experiment5). For thê -detected correlation via long range coupling (COLOC)experiment 196 transitions per increment were collected6' 7^The 90°(H) pulse was 10.5 juseconds.
The acid hydrolysis was carried out at 100~120°C overnight with HC118.5%. After cooling, the reaction mixture was diluted with water and the precipitate filtered. The cake was washed with water, acetone and finally ethyl ether, and submitted to NMR(see above) and to the collisionally induced dissociation FAB-MS-MS experiment. This measurementwas performed on a triple stage quadrupole mass spectrometer Finnigan TSQ 70, fitted with an Ion-Tech neutral atom gun operated with Xe gas at 8 kV. The sample was dissolved in thioglycerol immediately before the analysis. Positive daughter ions of the protonated molecular ion were recorded using the second quadrupole as collision cell (collision gas Ar). The aqueous solution from the acid hydrolysis was lyophilized, suspended in acetonitrile, and treated with pentafluoropropionic anhydride. After 1 5 minutes, the solvent was evaporated off and the residue redissolved in ethyl ether and an excess of diazomethane added. After evaporation, the crude material was analyzed by a HP5985B quadrupole GC-MS system. GC: capillary column (Supelco SP1, 15mx0.32mm i.d., 0.25 fim thin film); helium as carrier gas (column pressure 0.56 kg/cm2, split vent 80 ml/minute, split valve time 30 seconds, splittless mode injection). The injector and interface temperatures were set at 280 and 250°C, respectively. The oven temperature was set at 50°C for 1 minute and increased at 10°C/minute to 240°C. EI-MS: source temperature 200°C, electron energy 70eV. Positive ion chemical ionization (PICI)-MS: source temperature 140°C, electron energy 180eV, ionization gas CH4(as make-up gas), ion source pressure 1 x 10~4 torr. For determining the configurations ofserine and proline, the GC-MSanalysis was repeated on a Hewlett-Packard HP5985BGC-MSsystem equipped with a w-propionyl-L-valine ter/-butylamide polysiloxane-coated fused silica capillary column (25 m x 0.2mm i.d.; OS641 1, C.G.C. Analytic); temperature program: 80°C for 4 minutes, then increasing at 4°C/minute to 200°C.
Physico-chemical Characteristics for Basic Structure Information The preliminary characterization of the fermentation product was aimed at the novelty recognition of the discovered antibiotic substance and was used as the starting point for the structure determination. The UVspectra (see Table 1 ) are indicative of a chromophore including a weak heterocyclic base. In fact, the variation passing from the acidic solution to the basic one is not bathochromic and only small differences can be observed. In addition, the main absorption band at about 3 10 nmsuggests a chromophore formed by a number of conjugated heterocycles. The IR spectra (see Table 2 ) indicate that GE2270 A is a peptide without free carboxyl or amino groups. Ester or ketone groups are absent. The absorption at about 1 545 cm" 1 is indicative of heterocycles. The peptide nature is confirmed by the deuteration shifts in chloroform solution of the amide bands (VNH, Amide I, Amide II).
The ionization studies in water solution did not reveal any ionizable function of strong or medium strength, while in acetic acid a weak basic function was revealed.
The The FAB spectrum of GE2270 A is shown in Fig. 1 . The lowest isotope of the main peak has an atomic mass of 1,290.3±0.1 dalton. By adding KI salt to the sample this peak shifted 38#daltons ((M + K)+ ion) indicating that the observed peak at 1,290.3 is the protonated (and not e.g. sodiumated) molecular ion.
The isotope pattern of the protonated molecular ion indicates that besides C, H, N, O some element containing higher mass isotopes should be present, e.g., 1 chlorine atom or 5~8 sulfur atoms. Elemental analysis clearly established the presence of sulfur atoms, while excluding chlorine. Based on the isotope pattern found, the mean mass of the (M+H)+isotope cluster is 1,291.6+0.3. From this value the "chemical" molecular mass can be estimated as 1,290.6+0.3 dalton.
Using HR(13,000) peak matching the precise mass of the lowest isotope of the protonated molecular ion cluster was determined as 1,290.25 with about + 0.02 dalton precision. This high precision, combined with information from elemental analysis, makes it possible to determine an elemental formula for the sample. The molecular mass, combinedwith the knowledgethat molecules are even electron species and that GE2270 A contains C, H, N, O, and S atoms only, implies that the number of N atoms in this molecule needs to be an odd number. This fact, together with the precise mass of the molecule indicates that the elemental formula is C56H55N15O10S6. This is in agreement with the experimentally found isotope pattern.
The *H and 13C spectra confirmed some of the data described above and added new important evidences. The calculation of the total numbers of H and C atoms indicated C 56 and H 55, thus making a definite and final choice for the elemental composition from those possibilities discussed under elemental analysis and FAB-MS.The assignment of the various groups based on the DEPT13C NMRspectra ( Fig.  2 ) gave the following results: 5 CH3, 7 CH2, 7 CH, ll aromatic CH, 26 quaternary C, 5 amidic NH, 1 amidic NH2, 1 alcoholic OH.
All the above data strongly suggested that GE2270 A is a highly modified peptide and that likely it belongs to the group of.thiazolyl peptide antibiotics8). In fact, the presence of 6 sulfur atoms led to the plausible hypothesis that a numberof the original amino acids are maskedin the molecule in the form of the so-called "thiazole-amino acid" unit, as examplified by micrococcin9).
Identification
of the Amino Acid Residues by NMR The examination of the 1H and 1 3C NMR spectra for the assignment of the signals and their attribution to the single amino acid units was implemented by an NMRinvestigation based on 1H-1Hhomonuclear and^C^U heteronuclear short and long range coupling experiments. As method of choice for 13C NMR spectroscopy the so-called inverse NMRtechniques were used. The heteronuclei are detected via the proton response, which leads to a drastic increase in sensitivity. This allows to carry out this NMRexperiment in dilute NMRsolutions10). The proton-bearing-carbon atoms were assigned with a^-detected relay experiment5*, establishing also the connectivities between protonated carbon atoms bound to each other by a commonrelay peak in this 2D experiment.
Due to the highly modified amino acids in GE2270A only two of them could be easily identified in a DQF-COSY spectra3) as a valine and glycine moiety (see Fig. 3 ). Twomore amino acids showcrosspeaks to amide protons, an ABMX and an AMX spin system. The 1H-detected inverse experiment optimized for long range coupling6'7* demonstrated that the ABMX spin system is connected to a CONHCH3 group and this moiety was identified as iV-methyl asparagine. The AMXspin system shows long range crosspeaks to the phenyl unit and to a OHgroup and was therefore identified as phenylserine. Furthermore, the DQF-COSY and the^-detected relay experiment indicated the presence of a proline unit and an ABM spin system not correlated with an amide proton (see Fig. 4 ). The proline unit is attached to an amide group and the ABMspin system is a serine masked as oxazoline, which shows long range correlations between the protons and two low field quarternary carbons at 167.7 ppm and 159.2ppm, assigned to the serine CO and to the C=Nof this moiety, respectively. Present in the spectra are also four singlets in the aromatic region, an aromatic ABsystem, a CH3, CH2-OCH3group, a phenyl ring and a CH3 group bound to an NH group, as was demonstrated by exchange with D2O. The assignment and identification of these moieties was done by^-detected inverse experiment optimized for long range coupling6'7). The aromatic ABsystem shows the typical long range coupling pattern of a 2,3,6-substituted pyridine. The four aromatic singlets are correlated via XJ and two long range couplings to three aromatic carbon atoms, in agreement with the presence of four thiazole units. The remaining CH3and CH2-OCH3groups are connected via long range couplings to two different aromatic carbon atoms, indicating the presence of two additional substituted thiazole units. By applying this approach, all the protons and almost all of the 13C signals could be identified and assigned, except for five signals at 168.3, 165.7, 161.1 and 160.2ppm. Their assignment, however, could be done in an indirect way with the knowledge of the amino acid sequence. The results are collected in Table 3 , where, for the sake of clarity, the labeling system adopted for the final structure is used.
Acid Hydrolysis of GE2270 A GE2270 A was hydrolyzed under acidic conditions (see Experimental) and the precipitated product was submitted to analysis as such, while the soluble fraction was derivatized and analyzed by GC-MS,as shown in Scheme 1.
The UVspectrum in ethanol, obtained from the fully methylated ester of the precipitate, shows the maxima: 304nm, E}^420; 340nm (sh), E}%» 200, indicating, by comparison with the data of GE2270 A, that it represents the central core of the natural antibiotic. This is called the chromophore. The structure of this compound was determined on the basis of the 1H and 13C NMRand FAB-MS studies. The 13C signals of the chromophore ofGE2270 A was assigned using the iH-detected heteronuclear correlation experiments. The results are collected in the long range correlations between these moieties. The FAB-MSanalysis of the chromophore showed little fragment ions relative to the protonated molecular ion (M+H)+. To increase the percentage of dissociating ions and also the number of fragmentation routes accessible to a given ion, the most common methodis to admit a gas to a reaction region of the mass spectrometer to induce dissociation by collision of the parent ion (in this case the protonated molecular ion, (M + H)+, m/z 635) with a neutral target gas11}. This process known as collision induced dissociation (CID) was applied with argon, as collision gas, at 120 eV. The significant daughters found could be attributed to the breakage of the longer pyridine substituent. A suggested interpretation is presented in Fig. 5 . The losses of 18, 106, and 135 confirm the presence of a phenylserine residue. The losses of 207 and 333 correspond to the fission of ring C and to the breakage between pyridine and ring B, respectively. Thus, the structure of the chromophore proposed by NMRwas confirmed. The GC-MSanalysis of the soluble products from hydrolysis, as pentafluoropropionyl derivatives and methyl esters12), confirmed and completed the previous assignments by identifying proline, serine, glycine, and a number of thiazole-amino acids. The amino acids were identified by comparison with standards, while the thiazole-amino acids by the mass spectral (El and PICI) fragmentations. The structure 16.60 assignments to the main ions found for the eight relevant chromatographic peaks are presented in 1 able 3.
The stereochemistry of serine and proline was assigned as S from the Rt's on the chiral column13) described under Experimental.
The biogenesis of thiazole-amino acids would occur after peptide formation, e.g., from cysteine and valine by condensation of the thiol with the adjacent amide group under formation of thiazoline and successively of thiazole after dehydrogenation.
Thus, these precursor amino acids are irreversibly changed during such reaction and will not. be identified after hydrolysis.
Similarly, the oxazoline ring would derive from a dipeptide containing serine and, e.g., cystein. In this case the condensation is not followed by dehydrogenation and serine will be identified after hydrolysis.
Sequence Determination of the Amino Acids As expected for a mediumsized molecule like GE2270A and under the measurement conditions, the NOE's are quite weakand reside on the negative side. The highly modified nature of the amino acids does not allow to establish a great part of the sequence by looking for sequential connectivities14). The NMR NOESY experiment4* confirmed only some intra amino acids connectivities and that the Nmethylasparagine -thiazole D moiety is close to the phenylserine -glycine moiety. This is demonstrated by some weak interactions between one of the H^protons of jV-methylasparagine and the amide proton of glycine and a weak NOEsignal between the CH3ofthiazole D and the aromatic part of the phenylserine unit.
The^-detected COLOCexperiment (see Fig. 6 ) allowed to establish the following parts of the sequence (for the inter and intra amino acid long range correlations see Table 6 ):
1) Prolineamide-*oxazoline-åºthiazole A->pyridinea. 2) Thiazole Bb->thiazole C->phenylserine-»glycine-åºCO. 3) Pyridine-*thiazole F. aOnlya very weakcrosspeak betweenthe last two moieties wasfound. bThecrosspeak correlating these two thiazole units wasdetected only in two experimentsat the higher temperature. The above mentioned experiments did not allow to establish the connectivities between the two remaining thiazole moieties D and E and the amino acids valine and 7V-methylasparagine. However, hydrolysis and following GC-MSstudies (see above) connected valine to ring E and 7V-methylasparagine to ring D. As the latter unit (see the NOESYexperiment) is close to the glycine-phenylserine subunit the sequence had to be continued as follows:
Thiazole B-*thiazole C-»phenylserine->glycine->CO-åºthiazole D^iV-methylasparagine-»CO-> thiazole E -saline -åºCO -*thiazole F -»pyridine. The XH and 13C NMRdata are in full agreement with the results obtained on the intact molecule. The central part is in fact a pyridine, substituted in positions 2, 3 and 6 with thiazole moieties. Thiazole B is connected to a further thiazole ring (C), which is substituted in position 2 by the phenylserine unit (Table 4 ).
In conclusion, the combined methods of NMR and GC-MSapplied to the intact antibiotic and to the hydrolysis products indicate the structure shown in Fig. 7 .
FAB-MSFragmentation
Following the structure elucidation, it appears of interest to interpret the FAB-MSfragmentation. In the FABspectrum (Fig. 1) , besides the protonated molecular ion somelow abundance fragments.can also be observed. FABanalysis of linear polypep- tides classically gives rise to fragment ions occuring in well defined mass sequences. These ions are normally rationalized on the basis of low-energy fragmentations deriving directly from the protonated molecular ion. In the case of GE2270 A, not only are fragment ions corresponding to the commonamino acids absent, but the fragments which occur are limited to higher masses. This pattern corresponds to the cyclic peptide structure of GE2270A, which prevents lower mass fragments being seen. Observable fragments should thus be attributable to extracyclic substituents.
A suggested fragmentation scheme is presented in Fig. 7 (always the lowest isotope is indicated, with truncated mass numbers). Besides the commonpeaks at m/z 1,272 (-H2O) and 1,258 (-CH3OH), the peak at m/z 1,183 (loss of 107 from the molecular ion) is due to the loss of the hydroxybenzyl residue. The scheme invokes also the breaking of an oxazole or thiazole ring (m/z 1,106, 1,043, and 1,023)-a type of cleavage which, to our knowledge, has not yet been observed in modified peptides. Finally, the relatively high abundance of the fragment at m/z 1,246 corresponding to a loss of 44 from the protonated molecular ion, together with the loss of 142, giving m/z 1,148 and suggesting the loss of two nitrogen atoms, is due to the fact that the molecule does not have a free carboxy end, but an amide (prolinamide).
Conclusions and Considerations
In conclusion, the complete identification of all the amino acidic residues and their sequence follows from the NMR,FAB-MS,and GC-MSdata on the natural antibiotic and its hydrolysis products. Antibiotic GE2270 A shows structural similarities with the group of antibiotics classified by Berdy8) as thiazolyl peptides. Notable examples are thiostrepton, nosiheptide, micrococcin, sulfomycin1 5), and thioxamycin16), which were the subject of extensive chemical degradation or X-ray studies.
In particular, GE2270 A shows identical reactivity on acid hydrolysis to micrococcin17), leading to the isolation of the chromophoric compound. Furthermore, micrococcin1 8) and thiocillin1 9) molecules show remarkable similarities of GE2270 A. In fact, they contain six thiazoles and are formed by a ring spanning a pyridine moiety to which a side chain containing thiazoles is attached. As far as biogenesis is concerned, GE2270 A and related antibiotics are of interest in that they represent highly modified peptides. The thiazole-amino acid residues formally derive from the cysteine-amino acid dipeptide. Similarly, the dipeptide containing serine gives origin to oxazoline. The unusual chromophoric part centered on pyridine is thought to take origin formally from the interaction of two didehydroalanine units in a single peptide chain18). Actually, pyridine was demonstrated20) to originate from the carboxyl group of one cysteine and two serine molecules, so that didehydroalanine is to be considered a formal intermediate unit. In general, it is believed that these peptide antibiotics occur in two main groups: the thiostrepton group maintains the peptidic part referred to as "amino end", and the "chromophoric central part" is represented by a tetrahydro pyridine, while the micrococcin and GE2270A group loses the "amino end" under aromatization to pyridine18). Summarizing, GE2270 A belongs to the thiazolyl peptide group of antibiotics.
As hypothesis, the original linear peptide precursor of GE2270 A can be visualized from Fig. 8 where the structure is shown together with the indication of the number assigned to the amino acid units. Following these biosynthetic considerations, the peptide ring of GE2270 A would derive from ten amino acid units, whereas the corresponding rings of the micrococcin, nosiheptide, and thiostrepton group and of the thioxamycin and sulfomycin group would derive from nine and twelve amino acid units, respectively. In the structure of GE2270A the configuration of proline and serine is S, from the acid hydrolysate analyzed on a chiral column. Determination of the configurations of the other asymmetrical centers is in progress. 
